We describe an intersex specimen of the Marmorkrebs, the only obligate parthenogenetic freshwater crayfish with an all-female population. The individual was a fully functional female which possessed male-like first pleopods. Nevertheless, it reproduced successfully and the offspring were normally developed parthenogenetic females, lacking any trace of male traits. The general rarity of aberrant sexual traits in freshwater crayfishes, in particular in Procambarus, is discussed. We suggest that a dysfunction of the sex determining system, which controls the anlagen of the androgenic glands during development, caused the partial male-like phenotype of this Marmorkrebs specimen. The application of this organism for investigations of sex determination and differentiation is recommended.
INTRODUCTION
Freshwater crayfishes (Decapoda: Astacida), comprising the northern hemisphere Cambaridae and Astacidae and the southern hemisphere Parastacidae, are generally gonochoristic, i.e., each individual is either male or female . Nevertheless, aberrations from this reproductive system occasionally occur, which are generally summarised by the term "intersexuality." For example, partial true hermaphroditism has been reported from several species of the Parastacidae (Rudolph, 1995; Rudolph et al., 2007; da Silva-Castiglioni et al., 2008) . Furthermore, individuals with additional, but non-functional, sexual organs of the opposite sex have already been described for all three subtaxa in the second half of the 19 th century (von Martens, 1870; Faxon, 1884; Bergendal, 1888) . Turner (1935) presented an extended summary of all cases of aberrant secondary sexual characteristics known at that time for Cambaridae, the most species-rich crayfish group with a natural range in the Atlantic Ocean drainage basin of North America.
Cambarids display a clearly pronounced sexual dimorphism that enables differentiation of both sexes by means of their external genital organs. Females possess, in addition to the gonopores on the coxae of the third pereiopods, a seminal receptacle (annulus ventralis) between the fourth and fifth pereiopods, which is an apomorphy of this group (Scholtz, 1995 (Scholtz, , 2002 . In males, the gonopores are situated on the coxae of the fifth pereiopods and the first two pairs of pleopods differ markedly from the more posterior ones because they are modified as copulatory organs for sperm transfer (gonopods). In contrast, the first pair of pleopods in females is small and uniramous, whereas the second pair is formed like the more posterior ones (Holdich, 2002) . Fur- * Corresponding author; e-mail: gerhard.scholtz@rz.hu-berlin.de thermore, males possess copulatory hooks on the ischia of the pereiopods that are lacking in females and that are also likely a cambarid apomorphy (Hobbs, 1972; Scholtz, 2002) . Turner (1935) reported in his study that the spectrum of aberrant sex characters in female specimens detected by him and other authors ranged from one simple additional copulatory hook to an almost complete external male genital apparatus in an egg bearing individual.
Marmorkrebs (English: marbled crayfish) Procambarus fallax (Hagen, 1870) f. virginalis (Martin et al., 2010) is the only obligate parthenogenetic decapod known to date (Scholtz et al., 2003) . It was discovered for the first time in the German aquarium trade in the mid-nineties of the last century (Lukhaup, 2001) . However, its geographic origin and natural distribution is still unknown. It is likely that the Marmorkrebs originated from the south eastern United States, since Martin et al. (2010) identified it as the parthenogenetic form of the cambarid slough crayfish P. (Ortmannicus) fallax (Hagen, 1870), which has a natural range in southern Georgia and throughout Florida (Hobbs, 1989) . Because of its apomictic reproduction mode (i.e. the oocytes do not undergo meiosis) this extraordinary crustacean produces genetically uniform progeny (Martin et al., 2007; Vogt et al., 2008) . Accordingly, it has become a popular laboratory model organism for a great variety of studies (see Vogt, 2008 Vogt, , 2011 Jimenez and Faulkes, 2010) .
Due to its thelytokous reproduction, the Marmorkrebs is an all-female taxon (Vogt, 2011) . Here we report the case of an individual Marmorkrebs which nevertheless possessed additional external male-like characteristics.
MATERIALS AND METHODS
The intersexual Marmorkrebs was detected during a routine survey of our laboratory stock at the Humboldt-Universität zu Berlin in early January 2010. It was kept in a large tank together with several dozens of other marbled crayfishes under constant environmental conditions at a water temperature of 20°C, a photoperiod of 13 hours, and a diet of commercial crab food chips (NovoCrabs, JBL GmbH & Co. KG, Germany). After its discovery, the intersex specimen was separated, kept in a single tank, and externally checked at frequent intervals. After its death in early July 2010, caused by an unknown infectious disease, the specimen was dissected to investigate the possibility of internal male sexual characteristics. Two generations of its offspring were kept in separate tanks and sexed after having reached a body size that allowed for the recognition of external genital organs.
For scanning electron microscope (SEM) analysis, the first pleopods were taken from the intersex specimen (total length TL 6.6 cm), a normal Marmorkrebs (TL 6.9 cm) and a normal male of P. fallax (TL 6.7 cm). The dissected limbs were fixed in Bouin's solution, dehydrated in a graded ethanol series and critical point dried in CO 2 . After mounting on SEM stubs, the dry samples were sputter coated with gold and observed under a LEO 1430 (ZEISS) SEM at an accelerating voltage of 20 kV. Images were recorded and processed digitally using the device specific software LEO-32 v. 3.2.7 and finally edited with the program Adobe ® Photoshop ® .
RESULTS
The intersex Marmorkrebs specimen was a functional female which showed the typical external sexual characteristics of female cambarids such as the annulus ventralis and the position of the gonopores on the third pereiopods ( Fig. 1) . Nevertheless, the specimen attracted attention because of its first pair of pleopods. These were significantly larger, stouter, and much more calcified than the thin and transparent ones of normal females (Figs. 1, 2) . Thus, these pleonic appendages showed an appearance similar to those in adult males of P. fallax, although they were somewhat incomplete. Whereas their proximal halves (protopods) were male-like they lacked the distal ends with the four speciesspecific projections (Fig. 2) . The shape of the modified pleopods remained even after two moults during the study period in March and April, which only affected a proportional growth in respect to body size. Except for these first pleopods, no further external male sexual characteristics were displayed and no testis or vas deferens could be detected by post-mortem dissection either. The intersex specimen spawned once in February 2010. However, only ten young of about one hundred eggs survived until having reached a body size that allowed the determination of their sex. None of them showed any male sex characters and the same applies to some 20 specimens studied of the F 2 generation, which hatched in late August 2010.
DISCUSSION
Many authors define intersexuality as the occurrence of both male and female characteristics, or of intermediate sexual traits, in a single individual (Atz, 1964; Reinboth, 1975; Rudolph and Verdi, 2010) . The Marmorkrebs specimen presented here possessed first pleopods that appeared considerably more similar to those of males than those of normal females because of their greater length and stronger cuticularization. Even though the first pleopods are incomplete when compared with those of mature males, cambarids with such imperfect pleopods detected in natural populations were described as male-like by several authors (Turner, 1925; Huner and Black, 1977; Nagamine and Knight, 1987; Taketomi and Nishikawa, 1996) (Fig. 3) . Thus, the Marmorkrebs specimen studied here is a case of intersexuality according to the definition noted above. Nevertheless, as demonstrated by its successful reproduction, this individual was a functional female, which lacked internal male genital organs. Thus, true hermaphroditism, which is defined as a sexual system with individuals that produce fertile gametes of either sex (Laugé, 1985) , can be ruled out.
Marmorkrebs have been established as an object for laboratory study in our department for more than ten years, and several hundreds of specimens have been examined during this period. However, so far no other cases of genital abnormalities have been detected by the authors. Turner (1935) listed a few thousand examples of aberrant sexual characteristics in Cambaridae, and some authors have therefore regarded such phenomena as "not uncommon" in this crayfish group (Hobbs and Jass, 1988) . However, the majority of the abnormalities in females described by Turner (1935) were additional copulatory hooks and only a small proportion involved male-like pleonic appendages. In addition, females with aberrant external sex characters were mainly found in the genus Orconectes and only a very small proportion in Cambarus. Moreover, with the exception of Procambarus gracilis (Bundy, 1876), no aberration of the external genital organs was detected among several hundred females of the genera Cambarellus and Procambarus. Turner's observation regarding the very rare occurrence of aberrant secondary sexual characteristics in the latter two genera was supported by other authors as well. Penn (1957) reported only one female with male-like first pleonic appendages from among more than 10 000 scrutinized normal specimens of eleven species of Procambarus and two cases with the same aberration among some 1800 specimens of two species of Cambarellus. Huner and Black (1977) examined well over 30 000 Procambarus clarkii (Girard, 1852) and detected just seven females with additional male-like external sex traits. Thus, the authors of these three studies concluded that a constancy of secondary sexual characteristics is the cause for the relative rareness of such aberrations in Cambarellus and Procambarus.
The question arises why the kind of intersexuality described in this study nevertheless appeared in the procambarid Marmorkrebs. One has to stress that at this stage an answer to this question must be necessarily speculative. Despite this, in the following we tentatively try to discuss the putative causes for the masculinization of this intersex specimen of the Marmorkrebs. Due to its apomictic reproduction mode, a numerical disorder of the sex chromosomes caused by a meiosis error can be ruled out as an explanation for this phenomenon (Mittwoch, 1996; Narita et al., 2010) . Since the progeny of the intersex specimen were normal fertile females without any trace of male-like traits, a heritable defect of the sex determining genes is also unlikely. Environmental influences such as temperature or photoperiod (Ginsburger-Vogel, 1975; Ginsburger-Vogel and CharniauxCotton, 1982; Legrand et al., 1987) as well as endocrine disrupting effects induced by organic contaminants (Bláha et al., 2006 ) can also be excluded as possible cause of the masculinisation due to the consistent living conditions prevailing in the tank where the intersex specimen was reared and the clean drinking water used for filling the aquarium. In addition, if environmental factors were responsible for the development of intersexes in our husbandry one would expect more cases of such abnormalities. For the same reason, it is also unlikely that hormones (Baghel et al., 2004; Vogt, 2007) , ingested with the crustacean and fish containing diet, are involved in the unique occurrence of an intersexual specimen in our stock.
Considering all these facts, another anomaly in the ontogenesis of the described Marmorkrebs might be responsible for its male-like first pleopods. Mechanisms of sex determination and differentiation in Crustacea have been comprehensively studied and it is well known that although gonochorism is the rule in Crustacea, the genome of each individual contains the anlagen for male and female genders (Charniaux-Cotton et al., 1993) . In Malacostraca, including freshwater crayfish, the further course of sex differentiation is dependent on the androgenic gland (CharniauxCotton, 1954) , the development of which is controlled by sex-determining genes (Ginsburger-Vogel and Charniaux- Cotton, 1982). The anlagen of androgenic glands are present during the early development of both sexes and the sex-determining system decides on the further differentiation of this gland. Whilst the androgenic gland grows in males and produces sex hormone(s) causing the morphogenesis of the internal and external male sexual apparatus, the development of this gland is inhibited in the opposite sex leading to an auto differentiation of the female genital tract (Charniaux-Cotton and Payen, 1985; Rosen et al., 2010) . Several experiments have demonstrated the possibility of a partial or complete sex reversal in several malacostracan crustaceans by implantation and ablation of the androgenic gland (Charniaux-Cotton, 1954; Nagamine et al., 1980a, b; Katakura and Hasegawa, 1983; Khalaila et al., 2001 ). In the red swamp crayfish Procambarus clarkii (Girard, 1852), a species closely related to the Marmorkrebs, grafting of androgenic glands led to a partial masculinization, namely to male-like first pleonic appendages (Nagamine and Knight, 1987; Taketomi and Nishikawa, 1996) . The appearance of the first pleopods of the crayfish implanted with androgenic gland was remarkably similar to that of the intersex Marmorkrebs described in this study, suggesting that this gland was involved in its ontogenesis as well. This fits with the observation of Taketomi et al. (1996) who found a close relationship between the activity of the androgenic gland and the development of the first pair of pleopods. The same authors could show that sexual differentiation starts at a very early stage after hatching. Furthermore, several androgenic gland implantation experiments have shown that this gland not only induces male sexual characteristics, but also inhibits vitellogenesis and thus the maturation of oöcytes (Taketomi and Nishikawa, 1996; Sagi et al., 1997; Fowler and Leonard, 1999) . However, the intersex Marmorkrebs spawned and viable progeny hatched from its normally developed eggs. Hence, we conclude that perhaps a disorder in the sex determining system, which determines the further differentiation of the androgenic gland, led to a retardation of the femalespecific disappearance of the gland in this intersex specimen of the Marmorkrebs. This in turn caused a short-term activity of the androgenic gland during early ontogenesis, which induced the differentiation of the male-like first pleopods in this individual.
Future studies have to show whether an androgenic gland is at all present in early developmental stages of the Marmorkrebs. Furthermore, it has to be clarified whether such a short pulse of androgenic hormone would be sufficient to establish a permanent switch towards male-like first pleopods. That this is likely has been shown by andrectomy experiments in several caridean shrimps. Touir (1977) and Nagamine et al. (1980a) demonstrated that the activity of androgenic glands is essential for the formation of secondary male sexual characteristics but not mandatory for their maintenance.
Apart from the fact that aberrant secondary sexual characteristics are rather rare in the genus Procambarus and malelike traits in an all-female taxon are quite fascinating, the occurrence of a natural intersex individual in Marmorkrebs also suggests that an artificial masculinization or even a sex reversal as in the experiments mentioned above are possible. Because of its peculiar mode of reproduction leading to genetically uniform progeny, the Marmorkrebs seems to be especially suitable for such investigations providing further insights into sex determination and differentiation in freshwater crayfish in general.
